In cerebral folate deficiency syndrome, the presence of autoantibodies against the folate receptor (FR) explains decreased folate transport to the central nervous system and the clinical response to folinic acid. Autoantibody crossreactivity with milk FR from different species prompted us to test the effect of a milk-free diet. Intervention with a milk-free diet in 12 children (nine males, three females; mean age 6y [SD 4y 11mo], range l-19y), decreased autoantibody titer significantly from 2.08pmol of FR blocked per ml of serum (SD 2.1; range 0.24-8.35) to 0.35pmol (SD 0.49; range 0-1.32; p=0.012) over 3 to 13 months, whereas FR autoantibody titer increased significantly to 6.53 (SD 6.08; p=0.013) in nine children who were reexposed to milk for 6 to 14 weeks. In 12 children on a normal diet (eight males, four females; mean age 5y 5mo [SD 4y 1mo], range 1y 6mo-16y 4mo), the antibody titer increased significantly from 0.84pmol of FR blocked per ml (SD 0.39; range 0.24-1.44) to 3.04pmol (SD 1.42; range 0.84-6.01; p=0.001) over 10 to 24 months. Decreasing the autoantibody titer with a milk-free diet in conjunction with folinic acid therapy may be advocated for these patients.
a similar mechanism by which binding of the autoantibodies to the FR on the choroid plexus would block folate transport into the CSF. 6 In the CFD syndrome, the clinical manifestations typically occur after the switch to bovine milk. One likely mechanism for autoantibody production could be that exposure to soluble FR from milk elicits an immune response. Because of the structural homology with human FR, the autoantibodies cross-react with the FR on the epithelial cells of the choroid plexus, block folate transport, and ultimately produce the CFD syndrome. 6, 7 To test this hypothesis, patients with CFD with autoantibodies against FR and being treated with folinic acid to normalize their level of 5MTHF in CSF were asked to participate in the study. Twelve randomly chosen patients, after consent, were placed on a milkfree diet and a second group of 12 patients was placed on a regular milk-containing diet, and were evaluated for the effect of oral ingestion of milk FR on the titer of the autoantibodies and clinical response to therapy
Method CLINICAL PRESENTATION AND DIAGNOSTIC CRITERIA OF THE CFD SYNDROME
All patients were referred to the first author (VR) at the Pediatric Neurology Clinic for evaluation. Those in whom a diagnosis of CFD was confirmed were asked to participate in the study. The 24 patients in this study fulfilled three or more of the seven major clinical criteria characterizing the CFD syndrome (Table I and Table II) . Patients fulfilling the Diagnostic and Statistical Manual of Mental Disorders, 4th edition (DSM-IV) criteria of autism were referred to the Department of Psychiatry for formal testing. Ten of these children presented with lowfunctioning autism on formal testing with the Autism Diagnostic Observation Schedules (ADOS) in conjunction with the Autism Diagnostic Interview (ADI). 2 Patient 5 fulfilled two of these criteria (psychomotor retardation and severe ataxia) and patient 20 presented with irritability, psychomotor retardation, and autism. In all patients, serum and red blood cell folate levels, serum vitamin B 12 levels, and serum homocysteine levels were normal in conjunction with consistent lowering of 5MTHF levels in CSF.
FOLINIC ACID TREATMENT, DIETARY INTERVENTION, AND FOLLOW-UP
Before introduction of the milk-free diet in 12 patients, all 24 patients were treated with folinic acid, which raised 5MTHF levels in CSF along with bringing about clinical improvement. Clinical improvement was assessed by evaluating all of the neurological signs and symptoms listed in Table I and Table II . While folinic acid supplementation was maintained, 12 of 24 patients were put on a milk-free diet (patients 1-12) and the remaining 12 patients (patients 13-24) remained on their normal diet containing milk. The parents were instructed by a dietician on maintaining the patient on a milk-free balanced diet replete with essential nutrients and protein-calorie requirements. Serum was assayed for autoantibodies before and after 3 to 13 months on a milk-free diet and after re-exposure to milk because of non-compliance with the milk-free diet. The second group of 12 patients (nos. 13-24) were maintained on a regular diet containing milk products. Serum was assayed for FR autoantibody at the time of diagnosis and after 10 to 24 months. All samples were assayed without identifiers. The study was approved by the institutional ethics committees, and all participants or their guardians provided written informed consent. The clinical evaluation and response to therapy was not blinded because these patients were on a long-term follow-up and were being treated with pharmacological doses of folinic acid. With the exception of a single patient who was diagnosed and treated at Massachusetts General Hospital, Boston, MA, USA, all children were diagnosed at the Pediatric Neurology Clinic, University Hospital Aachen, Germany. The first author (VR) was responsible for the recruitment of all participants and for clinical evaluation, treatment, and follow-up at regular intervals.
AUTOANTIBODY ANALYSES
Assay for folate-blocking antibodies-Testing for autoantibodies against FR was performed as described previously. 5, 6 Serum (300µl) was acidified with 900µl of 0.1M glycine/ HCl pH2.6/0.5% Triton X-100/10mM EDTA and was added to a 12.5mg pellet of dextrancoated charcoal to remove free folate. After centrifugation, the supernatant was collected and the pH was raised to 7.4 with 180µl of 1M dibasic sodium phosphate. Aliquots of this sample, equivalent to 50 to 200µl of the original serum, were incubated overnight at 4°C with 0.34pmol of apo-FR purified from human placental membranes. Tritiated [ 3 H]folic acid was added and the mixture was incubated for 20 minutes at room temperature. Free [ 3 H]folic acid was adsorbed on dextran-coated charcoal, and receptor-bound radioactivity in the supernatant fraction was determined. Blocking autoantibodies prevented the binding of [ 3 H]folic acid to FR; the titer of autoantibodies is expressed as picomoles of receptor blocked per milliliter of serum.
Identification of autoantibody type-The immunoglobulin type of the FR autoantibody was identified by an enzyme-linked immunosorbent assay (ELISA) 8 whereby FR purified from bovine milk was immobilized in 96-well plates. Unreacted sites were blocked with normal rabbit serum, and processed serum samples (acidified, charcoal-treated, and neutralized) were incubated for 24 hours at 4°C with the FR in ELISA plates. The wells were washed with 0.1M sodium phosphate pH7.4 containing 0.1% Tween 20, and 100µl of biotin-conjugated goat antibodies against human IgG, IgA, IgM, or IgE (1:4000 dilution in normal goat serum) was added. After incubation for 1 hour at 25°C, the wells were washed with buffer; 40µl of an avidin-biotin-peroxidase complex (ABC reagent; Vector Labs) was added and incubated for 30 minutes at 25°C. The wells were then washed with buffer, and 100µl of 3,3′,5,5′-tetramethylbenzidine (TMB) substrate was added. After 1 hour at 25°C, 100µl of 1M HCl was added and the color developed was quantified with an ELISA plate reader.
Identification of the autoantibody isotype-For individuals with IgG autoantibodies, the IgG isotype or isotypes were also determined. 9,10 ELISA plates prepared and reacted with serum extracts as described above were incubated with 100µl of biotin-conjugated mouse monoclonal antibodies against human IgG1, IgG2, IgG3, or IgG4 (dilution 1:1000 to 1:40 000) and the bound mouse antibody was identified by reacting with avidin-biotin-peroxidase.
Antigenic cross-reactivity of the blocking autoantibodies-The concentration of each purified FR from placental membranes, human milk, bovine milk, and goat milk was adjusted to bind about 10 000cpm of [ 3 H]folic acid (0.34pmol of FR) and was incubated with processed serum that was diluted to adjust the titer of the autoantibody to block about 0.1pmol of human placental FR. After incubation overnight at 4°C, 
STATISTICAL ANALYSIS
The t-test for two independent samples was used to compare serum folate and 5MTHF levels in CSF before and after folinic acid treatment with values for healthy age-matched controls. 6 The Mann-Whitney U test (two-tailed p values using 95% confidence intervals) was also used to evaluate the two groups. In addition, the Kruskal-Wallis test and Dunn's Multiple Comparison test was used for more than two data sets to confirm significant differences observed with the paired t-test. The paired t-test was used for comparing the autoantibody titers in the various groups and for evaluating the cross-reactivity of the autoantibodies.
Results
The clinical characteristics and laboratory findings in 24 participants who were treated with folinic acid initially and thereafter switched to a milk-free diet (n=12) or were maintained on a regular diet (n=12) are shown in Table I and Table II 19-3.47 ). The presence of autoantibodies against the FR antigen was also confirmed by ELISA plate assay. All 24 participants had IgG autoantibodies and one child had both IgG and IgM autoantibodies in the serum. Twenty of the participants had the IgG4 isotype, and 12 of these also had the IgG1 isotype. Four of the 24 participants had a combination of IgG1 and IgG3 isotypes (Table I and Table II ).
Folinic acid treatment was started at a dose of 0.5 to 1.0mg/kg per day divided into two equal doses and the amount was adjusted to between 0.4 and 2.5mg/kg per day on the basis of response to therapy and CSF folate concentration. This treatment was administered for a period of at least 7 months before dietary intervention. Folinic acid therapy had an overall positive effect on irritability and insomnia, arrested further head growth deceleration, decreased ataxia, spasticity, and seizure frequency, and had a variable effect on mental retardation * and dyskinesias. Among the 10 patients with low-IQ autism associated with neurological deficits (patients 1, 6, 8, 9, 10, 11, 15, 16, 20, and 23), a marked improvement was observed in two (patients 1 and 6) and a partial response in four (patients 8, 9, 10, and 11) with regard to improved attention, communication, and less stereotypies. Lumbar puncture during treatment with folinic acid showed a normalization of 5MTHF level in CSF (mean 78.9nmol/l, SD 27; range 52.2-158). The presence of autoantibodies against FR in CFD suggested that the decrease in 5MTHF level in CSF could be related to the antibody titer. This inverse correlation was confirmed when initial 5MTHF level in CSF was plotted against antibody titer: there was a lower 5MTHF level in CSF with a higher antibody titer in 55 individuals in whom both determinants were available (Fig. 1) . These children were referred to the Pediatric Neurology Clinic at the University Hospital Aachen, and include the 24 patients described in Table I and  Table II . Even though clinical improvement was evident with folinic acid therapy, the autoantibody titer did not decrease; a milk-free diet was therefore introduced on the assumption that milk, which contains about 5 to 8mg/l FR, 11 might be a source of the antigen and that a breakdown of the immune barrier in the gastrointestinal tract could be the route of exposure to the antigen.
Nonparametric analyses with the Mann-Whitney U test showed no significant differences in the ages, initial 5MTHF level in CSF, serum:CSF folate ratios, or the FR-autoantibody titer between the two groups. The Kruskal-Wallis test and Dunn's Multiple Comparison test on both CSF 5MTHF and the FR autoantibody titer showed no significant difference between the two groups before one group was placed on the milk-free diet.
Before a milk-free diet, the mean baseline titer of FR autoantibodies for the 12 patients was 2.08pmol of FR blocked per ml of serum (SD 2.11; range 0.24-8.35) and decreased significantly to a mean of 0.35pmol of FR blocked per ml of serum (SD 0.49; range 0-1.32; p=0.012 by paired t-test) after 3 to 13 months on a milk-free diet. In 7 of the 12 patients, FR autoantibody titers decreased below detectable limits (less than 0.1pmol of FR blocked per ml), and in the remaining five patients, a significant decrease in the antibody titer was observed * UK usage: learning disability. (Fig. 2a) . The antibody titer monitored for a period between 10 and 24 months in the second group of 12 patients maintained on folinic acid and a regular diet containing milk products did not decrease (Fig. 2b) . In these patients, a significant increase (p<0.001) in the autoantibody titer (mean 3.04pmol of FR blocked per ml, SD 1.42; range 0.84-6.01) from an initial mean value of 0.84 (SD 0.39; range 0.24-1.44) was observed.
During the 3 to 13 months on a milk-free diet, signs of ataxia improved or disappeared completely in all except the oldest patient, who had been diagnosed at age 19 years (patient 12). One patient with severe ataxia (patient 4), who had remained non-ambulatory during treatment with folinic acid, started to walk. The diet also led to complete seizure control in patients 9 and 12. One autistic patient (patient 10), who had partly improved with folinic acid, showed a marked further improvement in communication skills with fewer stereotypies. All of the clinical improvement during this period may be considered to be due to a combination of folinic acid supplementation and a decrease in the autoantibody titer. Considering the nature of the disorder with the risk of regression and the long-term treatment needed, withholding folinic acid to test the effects of dietary intervention alone was not an acceptable option. However, reducing the autoantibody titer by eliminating the antigen might have had an additional beneficial effect.
After 6 months of the milk-free diet, nine children (patients 2, 3, 5, 6, 7, 9, 10, 11, and 12) reverted to a regular diet that included milk. In these nine patients, the initial mean titer of the autoantibody was 2.56pmol of FR blocked per ml of serum (SD 2.25; range 0.69-8.35) and had decreased significantly to 0.47 (SD 0.53; range 0-1.32; p=0.023) on a milk-free diet. However, non-compliance over a period of 6 to 14 weeks resulted in a significant increase in the mean titer to 6.53 (SD 6.08; range 0.54-l4.07; p=0.013 by the paired t-test; Fig. 2a ). This increase in titer was not accompanied by clinical deterioration because folinic acid supplementation was maintained throughout. Further characterization of the FR autoantibodies from these nine patients showed that the autoantibodies blocked the binding of folate to the FR purified from human placental membranes, human milk, bovine milk, and goat milk with highest cross-reactivity against FR from bovine milk (Fig. 3) .
Discussion
In CFD patients with autoantibodies against FR, oral folinic acid treatment leads to substantial clinical improvement, especially if the treatment is started early in the disorder. Avoidance of milk downregulates these autoantibodies, and re-exposure to milk is followed by an increase in the autoantibody titer. Milk contains substantial amounts of FR and seems to present the triggering antigen for the autoantibody response. This indicates that the gastrointestinal tract is a likely route of exposure to the antigen and that a compromised immune barrier in this system can be considered as the potential cause of the autoimmune response. The familial occurrence of CFD in some siblings, such as that observed in three brothers, suggests a genetic component to this disorder. An autoimmune response against FR may result from genetically dictated errors during early thymic negative selection of autoreactive T-cells (CD4 + T helper cells and regulatory T cells) that fail to undergo apoptosis or do not remain in a state of anergy toward the FR antigen. 12, 13 Further research in families could identify the specific genetic components involved. 14 After ingestion of milk, immunogenic peptides could cross a damaged intestinal barrier and activate peripheral macrophages, B cells, and T cells. We were unable to obtain detailed histories of early infancy to identify food allergies or allergy to milk or other conditions that may have triggered an inflammatory response and compromised the integrity of the intestinal barriers. The onset of the disorder during the first 3 to 6 months of life after the switch to bovine milk would suggest a delayed or disrupted synergy between the adaptive and innate immune systems in the gut. Because of the time-dependent evolution of typical signs and symptoms and the slow progression of CFD syndrome, diagnosis of the neurological phenotype is established much later in the disease process.
The cross-reactivity of the blocking autoantibodies with antigen from different sources is consistent with the significant homology in the native structure of these proteins. FR is well conserved across species, with more than 90% amino acid sequence homology between human FRα and bovine FRα, 15, 16 and this could contribute to common antigenic epitopes and crossreactivity of the autoantibodies. The antibody showed better reactivity with the FR from bovine milk than with the FR from human placenta, human milk, or goat milk, suggesting bovine FR as the likely primary antigen. Quantitatively, there was more cross-reactivity with FR purified from human milk than with FR from human placenta. This discordance may be due to the presence of both the a and β isoforms of FR in human placenta, whereas milk contains only the FRα isoform; 16, 17 this would support the conclusion that the autoantibodies react better with epitopes on FRα, the putative antigen for the initial immune response. Most of the FR autoantibodies belong to the IgG4 subclass, and the switch to this class of antibodies seems to be influenced by repeated exposure to the antigen over a prolonged period, 18, 19 which supports the conclusion that repeated exposure to milk FR in the digestive tract is the likely mechanism for autoantibody generation.
Even though the pathology of B12 deficiency in the nervous system has been established, the association of neurological disease with folate deficiency is ill-defined, especially during neural development in early infancy. The association of neural tube defects in the developing embryo with folate deficiency due to either dietary deficiency, folate antagonists, 20 deletion of the gene encoding FRα, 21 or an autoantibody to FR that blocks folate uptake 5 provides compelling evidence in support of a requirement for folate in neural development during early embryogenesis. The CFD syndrome provides additional evidence for a requirement for folate in infancy and during childhood for normal function of the central nervous system. 2 The association of the FR autoantibody with the CFD syndrome, the folate blocking property of this antibody, and the clinical response to folinic acid therapy all suggest that decreasing the antibody titer would be beneficial in this disorder. Because milk and milk-derived products are the primary source of nutrition during infancy, a formulation devoid of the FR antigen and supplemented with folate may be recommended for children at risk or showing clinical signs of the CFD syndrome that may present independently or in association with other related neurological conditions, such as the autism spectrum disorders and Rett syndrome. 22, 23 List of abbreviations 5MTHF, N 5 -methyltetrahydrofolate; CFD, Cerebral folate deficiency; ELISA, Enzyme-linked immunosorbent assay; FR, Folate receptor. Correlation between blocking folate receptor (FR) autoantibody titer and cerebrospinal fluid (CSF) folate level in patients with cerebral folate deficiency (CFD). Filled circles represent non-CFD patients with normal levels of folate in CSF who tested negative for the autoantibody (a) Effect of dietary intervention with a milk-free diet followed by re-exposure to milk on the antibody titer of nine patients with cerebral folate deficiency (CFD) with autoantibodies against the folate receptor (FR) protein. The remaining three children who continued on a milk-free diet and whose autoantibody titer remained low are not shown. Each individual is depicted by a symbol and identified by the patient number from Table I . (b) Blocking autoantibody titer in 12 CFD patients on a normal diet containing milk and milk-derived products. Each patient is depicted by a symbol and identified by the patient number from Table II . Inset shows the mean, SEM, and statistical significance (determined by the paired t-test) of the autoantibody titer for all participants in each group. Cross-reactivity of folate receptor autoantibodies against folate receptor from different species (n=9; mean and SEM). The p values were determined by paired t-test.
Table I
Clinical characteristics and laboratory findings of patients with cerebral folate deficiency syndrome treated with folinic acid and on a milk-free diet Serum/CSF ratio in patient 10 was normal at the time of diagnosis when FR autoantibodies were very low at 0.19pmol of FR blocked per ml of serum. Before the milk-free diet the FR autoantibodies had risen to 0.69pmol/ml serum. 5MTHF levels in CSF vary with age: age 0 to 1 year, 64 to 182nmol/l; age 2 to 4 years, 63 to 111nmol/l; age above 5 years, 41 to 117nmol/l. The normal range of serum folate in this age group is 8.3 to 45nmol/l; the normal CSF/serum folate ratio in this age group is more than 2.5.The symbols +, −, and ± indicate respectively the presence, absence, or partial recovery from clinical signs and symptoms. The order of each symbol (1/2/3) indicates the status at the time of admission, after folinic acid treatment, and after being placed on a mik-free diet. 5MTHF, N 5 -methyltetrahydrofolate; CSF, cerebrospinal fluid; FR, folate receptor.
Table II
Clinical characteristics and laboratory findings in patients with cerebral folate deficiency syndrome treated with folinic acid and on a milk-containing normal diet 
